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Abstract: Ti/TiN/Zr/ZrN multilayer coatings were deposited on Cr;Ni, steel substrates with different surface roughnesses by
vacuum cathodic arc deposition method. Microstructure, micro-hardness, adhesion strength and cross-sectional morphology of the
obtained multilayer coatings were investigated. The results show that the Vickers hardness of Ti/TiN/Zr/ZrN multilayer coating, with
a film thickness of 11.37 pm, is 29.36 GPa. The erosion and salt spray resistance performance of Crj;Ni, steel substrates can be
evidently improved by Ti/TiN/Zr/ZrN multilayer coating. The surface roughness of Crj;Nij, steel substrates plays an important role in
determining the mechanical and erosion performances of Ti/TiN/Zr/ZrN multilayer coatings. Overall, a low value of the surface
roughness of substrates corresponds to an improved performance of erosion and salt spray resistance of multilayer coatings. The
optimized performance of Ti/TiN/Zr/ZrN multilayer coatings can be achieved provided that the surface roughness of Cr;Ni, steel
substrates is lower than 0.4 pm.
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1 Introduction

Due to the outstanding properties such as high
hardness, superior wear resistance and excellent heat
stability [1,2], metallic nitride coatings deposited by
physical vapor deposition (PVD) technique have been
broadly applied to industrial fields, especially for cutting
tools and anti-wear die tools. For such kinds of coatings,
one challenging issue is that voids cannot be ruled out
during the deposition of columnar TiN and other similar
metallic nitride coatings. This can lead to poor corrosion
resistances of these coatings. Furthermore, inherent high
hardness and internal stress can result in the fracture of
these coatings during the process of sand erosion. All
these issues together limit the potential applications of
TiN and other binary nitrides in industries [3,4].

In recent years, extensive studies have been focused
on how to the adhesion and erosion
performances of TiN coatings. In general, hard coatings

improve

usually have poor erosion resistance because of their
high fragilities. One way to balance the fragility is to
design multilayer coatings. For example, ZHANG and
LIU [5] demonstrated that TiN/Ti multilayer coatings can
be used to improve the fretting fatigue resistance of the
titanium alloy at elevated temperature. KIM et al [6]
studied the effect of the Ti buffer layer that was inserted
in the middle of TiN film. Their results showed that the
ductile Ti buffer layer can absorb impact energy and
improve the adhesion performance of TiN coating.
ULRICH et al [7] found that superb corrosion resistance
and erosion resistance of composite coatings can be
obtained by adjusting the thickness of TiN/ZrN
multilayer coating and the interlayer structure. SONG
et al [8] studied the influence of the modulation period of
Ti/TiN multilayers on their structure and corrosion
properties. The corrosive resistance of multilayer
can be improved by short modulation period. In
addition, gradient structures [9,10] can also effectively
eliminate the sharp interface, thus improve the
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strength, toughness and adhesion of coatings.

In general, previous studies usually focused on the
preparation of multilayer coatings from the perspective
of basic scientific research. Therefore, they were far from
actual industrial applications. In addition, few work
focused on the effect of the surface roughness of
substrates. However, the surface roughness of substrates
plays a key role in determining the physical properties of
multilayer coatings. Therefore, a deep insight into the
relation between surface roughness and physical
properties should be conducted. In this work,
Ti/TiN/Zr/ZrN  multi-composition and multilayer
coatings with alternant soft and hard structure were
prepared by vacuum cathodic arc deposition method, and
the relation between surface roughness of substrate and
corrosion properties of multilayer coatings was
examined.

2 Experimental

2.1 Sample preparation

Rectangular blocks of Cr;Ni, stainless steel with a
size of 50 mm % 25 mm x 5 mm were used as substrates.
To evaluate the influence of the surface roughness of
substrate, substrates with surface roughness (R,) of 1.348,
0.435, 0.326 and 0.037 pm were used. They were
ultrasonically cleaned with 5% (volume fraction) metal
cleaning agent, deionized water and then dried by
dehydrogenation drying equipment in sequence.
Ti/TiN/Zr/ZtN multilayer coatings were prepared by
auto-control vacuum cathodic arc deposition equipment
using AS700DTX. There are total 12 circular targets in
the chamber, in which 8 targets are titanium (99.9%,
mass fraction) and other 4 targets are zirconium (99.9%,
mass fraction). Before deposition, substrates were
cleaned by plasma using a high bias voltage of —1000 V
for 25 min. A mixture of high purity (99.999%, volume
fraction) Ar and N, gases were introduced into the
chamber as working gas. Titanium and zirconium targets
worked alternately which were controlled by computer.
Ti/TiN/Zr/ZrN coatings with seven cycles were obtained.
The deposition current was 80 A for titanium targets and
100 A for zirconium targets. A negative bias voltage of
100—-150 V was applied to the substrates and the
deposition temperature was 300 °C. The flow rates of
nitrogen gas were 500 and 700 mL/min for ZrN and TiN
layers, respectively. For the preparation of metal layers,
argon gas with a flow of 300 mL/min was applied.

2.2 Structural characterization

The cross-sectional morphology of the deposited
multilayer coatings was examined by scanning electron
microscopy  (SEM) using JEOL  JSM-5910.
Microstructures of these multilayer coatings were

characterized by Philips X pert MPD diffractometer. The
MD-5 hardness tester was employed to measure the
Vickers micro-hardness under a load of 0.245 N for 15 s.
The adhesion strength was tested by HH-3000 scratch
tester. During scratch measurement, a maximum load of
100 N, loading speed of 100 N/min and scratching speed
of 5 mm/min were applied. Erosion test was conducted
under self-designed AS600 sandblast tester following the
ASTM standard G76-07. Alumina (Al,O5) powder with
an average size of 50 pm was employed as abrasive
particles. A particle velocity of (30+2) m/s, and an
average particle feed rate of (2+£0.5) g/min were used in
each test. The impingement angle of particle-air stream
towards the coated specimens was set at (30£2)°. The
depth of erosion pits was measured by BMT Expert 3D
profilometer. Corrosion test was carried out following
the Chinese National Standard GB/T 10125—1997 by
MC-952C salt spray tester in a neutral salt mist solution.
The surface roughness of substrates was measured by
TR200 hand roughness instrument.

3 Results and discussion

3.1 Microstructure and properties of coatings

The XRD pattern of the deposited multilayer
coatings is shown in Fig. 1. The coating is mainly
composed of Ti, TiN, Zr and ZrN. Impurity phases are
not observed. As a top layer, the strongest peak
corresponds to the (111) plane of ZrN with a FCC
structure. The sub-strongest peak is indexed to the
(111) plane of TiN, confirming the formation of layered

structures. The results agree with the previous
works [11].
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Fig. 1 XRD pattern of Ti/TiN/Zr/ZrN multilayered coatings

Figure 2 shows the cross-sectional morphologies of

Ti/TiN/Zr/ZtN multilayer coatings on Cr;Nip steel

substrates with different surface roughnesses. Uniform
and dense morphologies can be observed without
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Fig. 2 Cross-sectional SEM images of Ti/TiN/Zr/ZrN multilayered coatings prepared on different surface roughness substrates:
(a) R;=1.348 pm; (b) R,=0.435 um; (¢) R,=0.326 pum; (d) R,=0.037 pm

columnar structure. The alternative dark and bright layers
correspond to Ti/TiN and Zr/ZrN, respectively.
Ti/TiN/Zr/ZrN layers with seven periods can be clearly
seen, in which the thickness of the Ti/TiN or Zr/ZrN
layer is ~1.4 pm. The corresponding layers are numbered
in Fig. 2(a). The cross-sectional morphology becomes
more uniform and integrity as the substrate roughness
decreases. When the substrate roughness is higher than
0.4 pm, the obvious wrinkles and waves can be observed
as indicated by arrows in Figs. 2(a) and (b). The
boundary between Ti/TiN and Zr/ZrN layers is straight
and parallels with each other when the substrate
roughness is lower than 0.4 pm as shown in Figs. 2(c)
and (d). The volume fraction of metal in nitride layer is
approximately 44% estimated from SEM images. Thin
and plastic metal layers are generally used to release the
impact force cumulated on hard nitride layers [12].

SEM image of Ti/TiN/Zr/ZrN multilayer coatings
with high magnification indicates that columnar growth
is inhibited and multilayer coatings become fine and
dense as shown in Fig. 3. This can be explained as
follows. The columnar structure is easily formed in
single layer coatings of TiN (or ZrN). However, the
columnar grains can be re-grown with the composition
conversion of Ti/TiN/Zr/ZrN multilayer structure. As a
result, the columnar grain growth is significantly
inhibited and coatings become fine and dense. The
thicknesses of metal and nitride layers are approximately
71 nm and 145 nm, respectively. Generally, droplets are
hardly avoided during the deposition of Ti/TiN coatings
using the vacuum cathodic arc technique. However, the

Fig. 3 High magnification SEM image of Ti/TiN/Zt/ZrN
multilayer coatings

SEM images indicate that there are only several droplets
in multilayer coatings. The absence of droplets should be
in favor of the good corrosion resistance [13].

Different from bare Cr;;Ni, steels with the
roughness of 1.348 um, 0.435 pum, 0.326 pm and 0.037
um, coated Cr;Ni, steel substrates are very smooth, and
the corresponding surface roughnesses (R,) are 0.5, 0.38,
0.35 and 0.25 pm, respectively. The similar values
indicate that thick coatings can repair the substrate
surface and have a relatively smooth surface. In addition,
the micro-hardness of these Ti/TiN/Zr/ZrN multilayers is
about 29.36 GPa, showing good mechanical properties.

3.2 Impact of surface roughness of substrate on
adhesion strength
The scratch testing was carried out to estimate the
adhesion strength of Ti/TiN/Zr/ZrN multilayer coatings.
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The adhesion properties of the multilayer coatings are
usually characterized by L¢; and Lc,. L¢; is associated
with the start of chevron cracking, indicating cohesive
failure in the coating. L, is related to the initiation of
chipping failure extending from the arc tensile cracks,
indicating adhesive failure between coatings and
substrates. Therefore, Lc, can be used to evaluate the
adhesion strength of coatings. Figure 4 shows the scratch
morphologies of Ti/TiN/Zr/ZrN multilayer coatings with
different surface roughnesses. The adhesion forces of the
coatings, corresponding to the substrate roughness (R,)
of 1.348, 0.435, 0.326 and 0.037 um, are 31, 46, 53 and
58 N, respectively. The results indicate that the adhesion
force increases as the substrate surface roughness
decreases. Generally, thick multilayer coatings always
lead to weak adhesion strength. Here, the adhesion force
of Ti/TiN/Zr/ZrN multilayer coatings with the thickness
of 11.37 um can reach up to 58 N when the roughness is
less than 0.40 pm. For comparison, the same adhesion
force is obtained for TiN/ZrN multilayer coatings with a
small thickness of 3 pm [14]. It may be due to the low
stress in the Ti/TiN/Zr/ZrN multilayers produced by
metal layers.

3.3 Impact of surface roughness of substrate on

erosion resistance

Erosion pits can be observed when Cr;;Ni, stainless
steel was tested by sand erosion. Figure 5 shows the
erosion pits depth for Ti/TiN/Zt/ZtN coated and bare
Cr;Ni, stainless steels (R,=0.4 um). The depth of
erosion pits for Ti/TiN/Zr/ZtN coated Cri;N, steel is
about 4 times lower than that of bare Cr;;Ni, stainless
steel, indicating the significant improvement of erosion

resistance after surface coating. This is mainly because
of the alternated soft and hard mutilayers, from which
the relative soft metal layers are inserted into hard metal
nitride ceramic layer. The soft metal layer acts as a buffer
and resists the propagation of cracks when suffered
external force, thus effectively improving the sand
erosion resistance of Cr;;Ni, stainless steel.

During the process of sand erosion, abrasive
particles were continuously ejected and impinged on the
coating surfaces till that erosion pits emerged. The sand
erosion resistance was evaluated by the mass of abrasive
particles. Surface macrographs of eroded coatings with
different surface roughnesses of substrate are presented
in Fig. 6. For the coatings deposited on substrates with
roughness of 1.348 pum, the erosion pits appear when the
abrasive particle mass reaches up to 300 g. The damaged
region is relatively large and occurs at the location of
machining processing stripe. Furthermore, the alternant
Ti/TiN and Zr/ZrN layers are hard to be distinguished.
Figure 6(b) shows the erosive appearance of coatings
with the substrate surface roughness of 0.435 pum, from
which the damage is observed with the abrasive particle
mass of 500 g. Similar sand erosion resistance can be
obtained when the substrate surface roughness decreases
down to 0.326 um as shown in Fig. 6(c). The alternant
Ti/TiN and Zr/ZrN layers in Fig. 6(d) can be clearly
observed when the substrate roughness decreases down
to 0.1 pm. The abrasive particle mass increases greatly
up to 800 g. These results indicate that good erosion
resistance can be obtained on Cr;;Ni, stainless steel with
low surface roughness. The alternant Ti/TiN and Zr/ZrN
layers with seven periods are clearly distinguished in the
eroded region.
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Fig. 4 Scratch morphologies of Ti/TiN/Zr/ZrN multilayered coatings on different surface roughness substrates: (a) R,=1.348 um;

(b) R;=0.435 um; (c¢) R,=0.326 um; d) R,=0.037 um
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Fig. 5 Comparison of anti-erosion performance between
Ti/TiN/Zt/ZxN coating and Cr;Ni, substrate

Fig. 6 Macrographs of sand eroded Ti/TiN/Zt/ZrN multilayered
coatings on different surface roughness substrates: (a) R,=
1.348 pm; (b) R,=0.435 pum; (c) R,=0.326 pm; (d) R,=0.037 um

The results illustrate that the sand erosion resistance
of the coatings can be greatly affected by the surface
roughness of the substrate even under the same
conditions. The sand erosion resistance can be improved
by decreasing the surface roughness of the substrate.
When the substrate surface roughness is less than 0.1 pm,
the Ti/TiN/Zt/ZtN coatings show better erosion
resistance. Previous work showed that a certain anti-high
temperature erosive wear coating with the thickness of
8—40 um was developed [15]. However, the coating was
broken under the small abrasive particle mass of 140 g
under the same testing conditions. In contrast, the
Ti/TiN/Zr/ZrN multilayer coatings show better erosion
resistance when the substrate roughness is less than
0.4 um.

3.4 Impact of surface roughness of substrate on

corrosion resistance

The corrosive appearance of multilayer coatings
after 96 h salt spray test is presented in Fig. 7. Rusty
spots can be observed on the Ti/TiN/Zt/ZrN coatings
with the substrate roughness of 1.348 pm after 24 h. The
same phenomena appear on the coatings with the
substrate roughness of 0.435, 0.326 and 0.037 pum after

72, 96 and 96 h, respectively. Relatively, rusty corrosion
products are identified on Cr;;Ni, steel substrate
(0.435 pm) after 48 h, a half shorter than that of the
coated samples. The corrosion resistance properties of
the Ti/TiN/Zr/ZrN coatings can be weakened as the
surface roughness of the substrate increases. The results
here indicate that the long salt spray corrosion can be
obtained only when the surface roughness is controlled
in the range of 0—0.40 pum.

Fig. 7 Macrographs of Ti/TiN/Zr/ZrN multilayered coatings
after 96 h neutral salt spray test on different surface roughness
substrates: (a) R,=1.348 um; (b) R,=0.435 pm; (c¢) R,=0.326 pm;
(d) R,=0.037 um

As mentioned above, these Ti/TiN/Zt/ZrN
multilayer coatings were deposited under the same
deposition parameters except for the surface roughness
of substrates. The surface roughness of the substrate
contributes to the improvement of erosion and corrosion
resistance properties of Ti/TiN/Zr/ZrN multilayer
coatings. Generally, multilayer structure is employed to
inhibit the growth of cracks and thereby increases the
coatings corrosion and erosion resistance [16]. This
effect is attributed to the variation of the adhesive
strength and the cross-sectional morphologic properties
between adjacent layers, which originates from different
surface roughness of substrate in the present work.

The basic mechanism can be understood as follows.
Firstly, small substrate roughness facilitates the adhesion
strength, and Ti/TiN/Zr/ZrtN multilayer coatings can
tolerate large impact stress if the surface roughness of
substrate is low. The large adhesion strength and strong
interfaces between the adjacent layers can reduce the
nucleation of cracks and their propagation, prohibiting
the failure of coatings. Secondly, the integrality of the
adjacent metal/nitride layers in the coatings can be
significantly improved by reducing the surface roughness
of substrate. The wrinkles and waves formed on rough
substrate would become the original failure points when
suffering sand erosion [17]. Furthermore, the smooth
interfaces between metal and nitride are also in favour of
preventing the introduction of external corrosive species.
To sum up, multilayer coatings on smooth substrate can
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constrain the growth of wrinkles together with the
droplets. Thus, the penetrated cracks are greatly reduced.

4 Conclusions

1)  Ti/TiN/Zr/ZxN coatings  are
successfully prepared by vacuum cathodic arc deposition
technique. The film thickness is ~11.37 um and the
Vickers hardness is 29.36 GPa. XRD result indicates that
the multilayer film mainly contains ZrN and TiN phases,
including a small amount of Zr and Ti phases.

2) The sand erosion resistance and salt spray
corrosion resistance of Cr;Ni, substrates can be
effectively improved by Ti/TiN/Zr/ZtN multilayer
coatings.

3) The performance of multilayer coatings is
affected by the surface roughness of substrate. The
decrease of the surface roughness of substrate results in
better mechanical and adhesion properties of
Ti/TiN/Zr/ZtN  multilayer coatings. The optimized
performance of Ti/TiN/Zr/ZrN multilayer coatings can be
achieved provided that the surface roughness of
substrates is lower than 0.4 pm.

multilayer
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